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Shortly after the dawn of biochemical genetics, Escherichia coli K-12 replaced Neurospora crassa as the key model organism. With E. coli K-12 came another, even simpler, system: each bacterial cell contained a dormant virus (bacteriophage) called lambda (λ). Occasionally, the quiescent λ genome was activated to generate free phage particles. Thus it was discovered that phage λ propagates by two alternative pathways: lytic or lysogenic. In lysogeny, it is now known that the phage genome is integrated within the bacterial host genome and replicates passively along with it; in the lytic pathway, the λ genome replicates free from the bacterial genome, directs the production of phage capsid proteins, and kills its host to release some 100 or so new phage particles (Figure 1) .
The fortuitous discovery of λ early in the development of molecular biology resulted in this small virus becoming a model system for studying the molecular basis of fundamental biological processes. In this essay, we discuss how the genetic and biochemical analyses of the developmental pathways of λ proved so influential (see also Box 1). In particular, we focus on the control of gene expression; the influence of phage morphogenesis on our understanding of protein folding; and DNA recombination by homologous, illegitimate and site-specific mechanisms. Studies with λ have contributed much to our understanding of the molecular basis of these processes, their biological and evolutionary roles, and how they have been harnessed by experimenters, most particularly in the development of recombinant DNA technologies.
Gene regulation
Phage λ was one of the two model systems whose study revealed the basic concepts and mechanistic details of gene regulation. These two systems -the other was the lac operon of E. coli -were studied in parallel at the Pasteur Institute in Paris in the 1950s and early 1960s. Each was of biological interest in its own right, and there seemed at first no reason to believe that the way the presence of lactose triggers E. coli to take on the ability to digest that sugar would be mechanistically related to how a λ phage 'chooses' between lytic and lysogenic growth upon infection of an E. coli cell.
The two problems were dissected using similar genetic approaches -in particular, by isolating mutants that were constitutively active for a given behaviour in each system. Thus, mutant E. coli strains were isolated that produced β-galactosidase in the absence of lactose, and mutant phage that grew lytically even under circumstances when they should grow lysogenically. For both lac and λ, the mutants fell into two distinct classes: one class defined a trans-acting factor, called the repressor; the other, a site on DNA, the operator. Analyses of these mutants in a variety of elegant experiments led to the interpretation that, in both systems, behaviour was controlled by regulation of gene expression, and, specifically, that each system uses its repressor to switch off expression of relevant genes, acting through the operator sites near those genes. Under suitable conditions, in the presence of lactose in the case of the lac genes for example, the repressor is inactivated, and the genes expressed.
It was not at the time clear whether the repressors were RNA or proteins. They turned out to be proteins, the first firm evidence being amber nonsense mutations in the λ repressor gene. Both repressors were subsequently isolated and shown to bind directly to their operator sites on DNA. Upon infection, the phage can pursue lytic growth or lysogeny. A lysogen is stable, unless it receives a signal to induce, when essentially all lysogens switch to lytic propagation. The bacterial chromosome is in blue, that of λ in red. associated with chromatin and DNA modifications, the action of sequence-specific DNA-binding proteins lies at the heart of gene regulation. Work on λ repressor was critical in uncovering how a protein recognizes a specific DNA sequence. In addition to sequence recognition, there is another feature typical of DNA-binding proteins: often two or more proteins binding to nearby sites interact with each other, and so bind to those sites cooperatively. This, as we shall see, heightens affinity and specificity of binding, and can be used to ensure steep 'all-or-none' responses. It was again studies of λ repressor that revealed the existence, and mechanism, of cooperative binding.
DNA recognition and cooperative binding
The crystal structures of λ repressor and Cro (another λ-encoded repressor) were determined in the early 1980s. A region of secondary structure predicted to recognize DNA was identified in each repressor, and was named a helix-turn-helix motif. It was suggested that this motif recognizes DNA sequences by inserting one of the helices -the so-called recognition helix -into the major groove of DNA. Amino-acid side chains protruding from the recognition helix make specific contacts with the edges of base pairs, thereby distinguishing between specific sequences.
Confirmation that these repressor proteins really did recognize DNA in this manner came initially from genetic studies, including one in which the specificity of a repressor from a phage closely related to λ (phage 434) was switched to that of a third lambdoid phage (P22) by making the recognition helix of 434 resemble that of P22. Later, direct demonstration of DNA recognition by the recognition helix came from the X-ray structures of the phage repressors bound to oligonucleotides containing their respective operators.
We now know, from the structures of many other DNA-binding proteins, that the helix-turn-helix motif is a common means of DNA recognition. This mechanism extends beyond bacteria, and includes, for example, a closely related motif found in the homeobox proteins of organisms as diverse as yeast, flies and mammals. More generally, even when the exact domain used to recognize DNA is not a helix-turn-helix, it nevertheless often involves recognition by insertion of an alpha helix into the major groove of the DNA -for example, in the case of zinc finger, leucine zipper and helix-loop-helix domains.
DNA-binding proteins generally bind as dimers, recognizing rotationally symmetrical DNA sequences. Dimerization ensures that both the specificity with which the correct site is recognized and the affinity with which it is bound are high. In a further extension of this, proteins often bind DNA cooperatively. Thus, λ repressor recognizes a typical site as a dimer, but it can bind adjacent sites as a tetramer -that is, a dimer binds to each of the two sites, but the two dimers interact with each other as they do so, further increasing specificity and affinity.
To illustrate this, consider O R1 and O R2 -two operator sites for λ repressor in the phage genome. When these two sites are isolated from each other and examined individually, repressor binds O R2 only when present at a ten-fold higher concentration than that needed to bind O R1 . But when the sites are adjacent on the same DNA molecules as they naturally are in the genome, repressor binds both simultaneously, and at the lower concentration. Furthermore, it has recently been shown that, in a lysogen, λ repressor can even bind as an octamer to four sites simultaneously. Two of these sites are separated from the other two by over 3 kb, and binding of the octamer of repressor to all four sites requires the DNA between the separated pairs of sites to form a large loop.
How does cooperative binding increase affinity? Consider O R1 and O R2 (Figure 2A Phage λ has made many contributions beyond those highlighted in the text. E. coli lysogenic for λ provided the selection system for the first refined fine-structure analysis of genes -in this case the rII genes of phage T4. This system then enabled identification of the triplet nature of the genetic code.
The rapid progress in many aspects of biology during the past 25 years owes much to recombinant DNA technology, and hence to the discovery of restriction enzymes. These were first recognised as a barrier to the transmission of phages λ  and P2 -it was this phenomenon that gave rise to the name 'restriction'. Experiments with λ  indicated that the 'barrier' was an enzyme that attacked incoming DNA in the absence of a strain-specific modification. λ DNA provided the substrate for the purification of the first restriction endonuclease.
The size and nature of the λ genome, and ease of purification, made it a common substrate for detecting, purifying and analysing the enzymes, such as polymerases, endonucleases and ligases, that underpin recombinant DNA. In the early 1970s, SV40 and λ were used in the development of agarose and polyacrylamide gel systems for the separation and visualization of DNA fragments. Phage λ DNA was chosen to demonstrate the feasibility of 'shotgun' sequencing of a genome, an achievement published in 1982. λ is a commonly used single-molecule substrate for analysis of protein-DNA interactions, particularly those involving translocation, and provides a system for estimating mutation frequency in transgenic rodents.
How does cooperative binding increase specificity? For a pair of proteins to bind cooperatively they must be bound to sites relatively close to one another. Repressor will periodically, and fleetingly, bind to incorrect sites -but in the context of a whole genome, rarely will two non-specifically bound molecules be near enough each other to bind cooperatively.
Repression and activation
How do transcriptional repressors and activators work? Once again, λ provided an archetypal picture. λ repressor bound to a site that overlaps a promoter switches off expression by excluding binding of RNA polymerase. Many bacterial repressors work in this way, though not all. λ repressor is an activator as well as a repressor, and uncovering how it works as an activator revealed a mechanism used widely in bacteria and eukaryotes.
By binding to a site adjacent to a promoter, and making a direct contact with RNA polymerase, an activator can recruit that polymerase into a stable complex at the promoter, and this suffices to stimulate transcription. This is another example of cooperative binding. Several experiments showed that λ repressor works this way to activate its own promoter, P RM ( Figure 2A ). Perhaps the most significant of these experiments was the isolation of mutations that defined a region on the surface of repressor -its so-called activating region -which makes contact with polymerase. These mutations did not alter DNA binding by λ repressor, but eliminated its ability to activate. Comparable mutations that altered the surface of RNA polymerase touched by the activating region were also described -these eliminated activation by wild-type λ repressor.
In a further experiment, it was shown that recruitment of polymerase to the P RM promoter through a protein-protein interaction is all that is required for activation. This was done by taking two proteins known to interact with each other, and attaching one to a DNA-binding protein and the other to polymerase. This engineered polymerase can be activated by the makeshift activator, even though the protein-protein interaction used was one not normally involved in activation. Genes in many organisms can be activated by this simple mechanism of recruitment.
Finally, in the case of λ repressor, the crystal structure of repressor bound to DNA, and interacting with its target region on RNA polymerase, shows a direct protein-protein interaction that does not cause a conformational change in either partner.
Lambda as systems and synthetic biology
In addition to teaching us about basic mechanisms of gene regulation, λ also provides an unusually complete picture of a gene regulatory network -its description is, in a sense, the original piece of systems biology. Thus, λ has been a focus of much mathematical modeling, and has offered an ideal system in which to develop and test such approaches. . This gene encodes a second repressor which binds to the same sites as λ repressor, but with different affinities and consequences. Transcription from P R leads to the production of CII, an activator essential for lysogeny, and Cro, which opposes that pathway (by binding to O R3 and O L3 ). The resolution of this competition is important in determining whether the phage develops lytically or establishes lysogeny. Other features of the decision-making apparatus have been widely studied, but are not discussed here, including the following. Transcription from P L produces CIII, a protein that protects CII from degradation and thus promotes lysogeny. CII, in addition to activating transcription of cI, also activates transcription from two other promoters, one directing expression of a gene required for integrating the phage genome into the bacterial chromosome, the other an antisense RNA that opposes expression of gene Q whose product is required for expression of the late (lytic) genes. The Q protein works as an antiterminator of transcription; a second phage-encoded antiterminator (N) is important in regulating early events in infection. The binding sites, promoters and genes are not to scale.
More recently, a working version of the λ switch has been created using heterologous components. In this example of synthetic biology, λ repressor is replaced by the bacterial Tet repressor, Cro by Lac repressor, and the various λ operator sites are modified to be recognized by one or other of these new repressors. This construct demonstrates the power of such an approach -showing it is possible to recreate complicated behaviours using simple, well understood, components. What follows is a brief description of how part of the natural λ system works. Upon infection, λ may pursue either lytic or lysogenic growth (Figure 1 ). The early stages of infection are the same whichever pathway will eventually be followed. Thus, as soon as the phage genome enters the cell, the two strong promoters P L and P R initiate high levels of expression ( Figure  2A , bottom). These two promoters direct the expression of many genes needed for lytic development, but also a key regulator of lysogenic development -the product of the cII gene. CII is a transcriptional activator that binds adjacent to, and activates transcription from, the promoter P RE . The transcript includes the cI gene, and so CII stimulates synthesis of λ repressor ( Figure 2B ).
For lysogeny to be established, repressor must reach a level high enough to switch off transcription from P R and P L , and maintain expression of its own gene (Figure 2A, There are several additional layers to this decision-making process, some of which are touched on in the legend to Figure  2 . Many of the mechanistic and strategic features we learnt from λ are seen in other systems, including, for example, Drosophila development. There, one again finds networks of genes regulated by site-specific DNA-binding proteins, cooperative binding, auto positive and negative regulation, and alternative promoters for the establishment and maintenance of gene expression patterns.
The epigenetic switch
Once a lysogen is established it is stable, with the phage genome, in this state called the 'prophage', remaining dormant almost indefinitely. But, if the cell is threatened, this state can be reversed in essentially every cell, and the prophage switches into the lytic cycle by a process called induction (Figure 1) .
Maintenance of the lysogenic state is an example of epigenetic gene regulation. By epigenetic we mean that a pattern of gene expression is maintained through multiple generations in the absence of the signal that initiated it, and without change to the DNA sequence. There is much talk of epigenetics these days, particularly in the field of eukaryotic gene expression, and it is often assumed that the mechanism must involve chromatin or DNA modification. But λ provides a mechanistically transparent example that clearly requires neither.
What are the features of the lysogenic state that ensure both its remarkable stability and, at the same time, its acute sensitivity to induction? We have already described the tight regulation of repressor levels in the lysogen (through cooperative binding, and auto positive and negative regulation). Repressor concentration must be kept high enough to keep the lytic genes turned off, but not so high that induction is impeded.
How In consequence, P RM is no longer activated and transcription from P R and P L is permitted (Figure 2A) . The prophage is then excised from the host genome and enters the lytic cycle. Use of proteolytic cleavage of regulators to trigger rapid cellular responses is widespread, and examples include apoptosis in animal cells.
Chaperones and protein folding
The correct folding of polypeptide chains is fundamental to the biological role of proteins. The mechanism by which a polypeptide folds was of major concern long before misfolded proteins became relevant to understanding some degenerative diseases. Initially, the influential principle of 'self-assembly' was derived from experiments in which it was demonstrated that a denatured protein could refold spontaneously in vitro to regenerate the correct three-dimensional structure. However, experiments examining Rubisco, an oligomeric enzyme in chloroplasts, led to the suggestion that cellular proteins, described as 'molecular chaperones', have a critical role in ensuring the folding of some polypeptide chains, and the subsequent assembly of the folded chains into oligomeric structures. Confidence in this model was catalysed by elucidation of a bacterial function necessary for phage morphogenesis.
In the 1970s, mutant strains of E. coli were reported which prevent the growth of wild-type phages by interfering with their morphogenesis. But one group of such mutants could support the growth of derivatives of λ with particular changes in the E protein, the major component of the phage capsid. These bacterial strains were defined as having a GroE (for 'Grow E') phenotype. Cloning of the relevant coding region identified two genes, groEL and groES.
When the predicted amino-acid sequences of GroEL and the large subunit of the Rubisco-binding protein were compared they were found to be 50% identical. GroE was already implicated in protein assembly of the phage capsid. Furthermore, GroEL, like the Rubisco-binding protein, is oligomeric: it was known to comprise 14 subunits. The sequence similarity of Rubisco-binding protein and GroE, enhanced by what was known about the structure and role of GroE, provided striking support for the early novel ideas about chaperones.
The combination of in vivo and in vitro experiments, including determination of the three-dimensional structures of the GroEL complex, have done much to elucidate the mechanisms of a molecular chaperone. The GroEL oligomer forms a cage lined with hydrophobic residues. GroES binds to GroEL in an ATP-dependent reaction. This binding has two effects: it triggers large conformational movements in GroEL which enlarge the cavity to a size that can accommodate polypeptides up to 60 kDa, and it results in GroES sitting on top of the cavity. Within this cage, a polypeptide can complete its folding while being protected from other polypeptide chains.
From these studies emerged the idea that many proteins do not, as had long been assumed, fold spontaneously in cells, but rather they require the assistance of chaperones.
The molecular and genetic foundations of homologous recombination
The susceptibility of phage λ to both genetic and physical analyses has been critical to our understanding of mechanisms that recombine DNA. Phage λ provided an effective substrate for assaying recombination frequencies within segments of a relatively short linear genome. But its genome was also amenable to density labelling and equilibrium centrifugation, a technique that permitted quantification of the parental DNA acquired by recombinant phages. Pioneering experiments in 1961 initiated this technology to address the topical question of whether recombination occurred by the mechanism of 'copy-choice' -by DNA replication switching from one parental template to another. The experiments demonstrated that one class of recombinants, from a cross between 'heavy' and unlabelled phages, had acquired 86% of their DNA from the 'heavy' parent, a finding consistent with the generation of recombinants following the breakage of parental molecules. Recombination could not, therefore, be the exclusive result of copy-choice replication.
In the 1960s, geneticists identified genes essential for homology-dependent recombination. The recA, recB and recC genes of E. coli identified some contributors to a bacterial pathway, a key component of which is now known to be the RecBCD complex. A simpler pathway for λ was identified by mutations in the redα and redβ  genes. Recombination by any pathway requires, as its final step, covalent joining of the DNA strands. DNA ligase, the relevant essential enzyme in E. coli, was identified in 1967 using the cohesive ends of λ DNA as a substrate. In the same year, the redα gene of λ was shown to encode an exonuclease that acts at the ends of double-stranded DNA, degrading in a 5′ to 3′ direction to produce single-stranded termini. In 1971 the purified products of the red genes of λ, followed by DNA ligase, were used to generate recombinant λ genomes in vitro. These experiments demonstrated the generation of heteroduplex joints by the pairing of complementary singlestranded DNA, and the cessation of exonuclease activity when the 3′ terminus has been assimilated to create a nick. DNA ligase then seals the nick to create continuity. Thus, λ exonuclease prepares the ends of DNA molecules for recombination; DNA ligase completes the process. The product of redβ was subsequently shown to be essential for the annealing of homologous single-stranded DNA.
Studies of λ revealed links between recombination and replication. In 1966, it was shown that, although λ DNA initially circularizes on infection and replicates as a circle, late replication yields linear concatemeric molecules. The rolling-circle model of DNA replication explained this observation. In the early 1970s, experiments monitoring replication of the λ  genome demonstrated that loss of any of three λ genes -redα, redβ or gam -impaired the production of concatemeric DNA.
The role of Gam was explained by its inhibition of exonuclease activity. DNA replication of the circular genome, on encountering a nick, could lead to a break in the λ genome, the initiation of rolling-circle replication, and susceptibility to exonuclease. This susceptibility would be countered by Gam. It was postulated that Red-dependent recombination could generate rolling circles by creating a replication fork through strand transfer, and the consequent production of concatemeric DNA, the substrate required for the packaging of DNA to produce viable progeny. Thus, the idea emerged in 1974 that recombination could generate a replication origin.
Replication, recombination and Chi
Wild-type λ is a poor substrate for the host recombination system, but simple mutations were shown to convert it into an effective substrate. These mutations were isolated fortuitously in 1970 when it was discovered that a red -gam -λ can barely propagate. At this time, it was not known that both red and gam gene products contribute to the replication of the λ genome. Fortunately, the disadvantaged phage readily 'selects' mutations that help it to replicate. Each of these mutations was found to stimulate recombination of λ by the host system; they identified Chi (the cross-over hot-spot instigator), and made λ fundamental to the study of the bacterial recombination pathway. Chi defined an octanucleotide sequence, absent in the wild-type λ, but occurring around once per 5 kb in the E. coli chromosome. How, or when, Chi would have been discovered in the absence of λ is difficult to estimate.
Decades of elegant experiments documented the roles of double-strand breaks in DNA, DNA replication and Chi sequences in recombination pathways. In summary: double-strand breaks, the basic requirement for recombination, are commonly generated during DNA replication. Experiments with phages (λ and T4), E. coli and yeast subsequently documented this inseparable relationship between replication and recombination. For λ, recombinants can be generated in the absence of much DNA replication because a terminus of the λ genome (the right-hand) mimics a DNA break and serves as an entry point for either the Red or RecBCD enzymes. Chi sequences stimulate genetic exchange by the RecBCD pathway.
Biochemical experiments have demonstrated that Chi is critical for the role of RecBCD. This complex, a helicase with two motors, enters DNA at a double-stranded end (Figure 3 ) and degrades both strands of DNA until it encounters a Chi sequence in the 3′-terminated strand. When Chi is recognised, the activities of the protein complex change -the rate of translocation decreases; degradation of the 5′ strand is now favoured; and the modified enzyme becomes capable of loading RecA onto the single-stranded 3′ overhang, making that single-stranded DNA competent to initiate strand exchange. Recent experiments on single, trapped, λ DNA molecules are consistent with a conformational change in response to Chi which prevents the threading of the 3′-terminated strand into the relevant nucleolytic site and decreases the translocation speed. It has been proposed that the rate of DNA translocation is regulated to "co-ordinate the loading of RecA protein onto single-stranded DNA and the subsequent DNA pairing step of homologous recombination."
While there is no evidence for analogous sequences in eukaryotes, Chi has been fundamental to our understanding of recombination in bacteria.
Acquisition and loss of genes from genomes
The Campbell model, published in 1962, proposed that in a lysogen, the λ genome (the prophage) is an integral part of the bacterial chromosome. Today, it is hard for us to imagine any alternative, and consequently it is difficult to appreciate the impact of this model. Previously, disruption of the bacterial genome by insertion of the phage chromosome had been overlooked in favour of a model proposing side-by-side synapsis of the phage and bacterial genomes. Integration and excision of the λ genome led to the identification of site-specific recombination, while aberrant excision demonstrated an 'illegitimate' recombination pathway.
When the Campbell model was proposed, the λ chromosome was known to be linear. However, the circular nature of the linkage maps for E. coli and phage T4 were emerging. Furthermore, the gene order in the λ chromosome had been shown to differ from that in the prophage, and, if the phage chromosome were circular, a single reciprocal cross-over between specific sites within the phage and bacterial chromosomes would alter the gene order. Soon after this proposal, the ends of the λ genome were shown to be capable of cohering, providing a mechanism whereby the phage chromosome could circularize, prior to integration. The original genomes could be regenerated by the reverse genetic exchange, called excision.
Site-specific recombination
Integration of the λ genome into the host chromosome introduced the concept of site-specific recombination, so named because integration occurs at a specific site within both the phage and host genomes. The reaction is catalysed by a phage-encoded enzyme, but efficiency and accuracy depend on host factors.
Site-specific recombination is widespread in biology. It accounts for the movement of transposons and other mobile genetic elements around the genome -producing a lot of the spontaneous mutations found in many organisms. Half the human genome is made up of sequences derived from mobile genetic elements. Site-specific recombination is also vital for the segregation of circular bacterial chromosomes, and in some specialized cases of gene expression. Moreover, phage P1, like λ, has a site-specific recombination system, called Cre-Lox, now widely used in experimental gene manipulation.
Lambda integration was the system in which much of the basic mechanistic underpinnings of site-specific recombination were worked out, from the early genetic studies through to recent structural examination of many of the steps in the process.
Integration works in outline as follows. The specific sites within the phage and bacterial genomes where recombination takes place during integration are called attP and attB, respectively. These sites each contain a similar core region containing binding sites for the phage-encoded enzyme, Integrase, which catalyses the strand-breaking and rejoining needed for integration. In addition, two other features of the system are critical. First, there are other binding sites for integrase outside the core attP site; second, another protein, the host protein Integration Host Factor (IHF), also binds nearby. Together these features ensure efficiency and also drive direction of the reaction.
Integrase has two DNA-binding domains, enabling it to bind simultaneously to one site outside the core sequence -in the so-called flanking sequences -and another within the core (where it acts). The flanking sites have higher affinity than those in the core region, and the high affinity sites help binding to the critical core sites. But filling of the core sites also requires binding of IHF, which, when it binds its sites, bends the DNA locally. Thus, IHF binds sites in the flanking regions of attP, and the bending of the DNA brings the strong integrase site in the flanking regions close to the weak site in the core, increasing filling of that core site.
Once the integration reaction has taken place, the attP and attB sites no longer exist: rather, there are now two new hybrid sites found at the boundaries between the phage and bacterial chromosomes. These are called attR and attL (for right and left).
Excision of the phage genome from the bacterial chromosome relies on the presence of another phage product -the DNA-binding protein Xis. This protein is made only under conditions of phage induction, and binds to sites in attR (originally in attP). As with IHF, Xis bends DNA when it binds. Together with IHF and integrase, Xis forms a protein-DNA complex at attR which interacts with another at attL, promoting recombination between these two sites, and restoring attP and attB (and the two separate DNA molecules, the phage and bacterial chromosomes).
Thus, we see how so-called architectural proteins, IHF and Xis, impart efficiency and directionality to the reaction. The role of IHF here was the first well characterized example of a DNA-binding protein functioning through DNA bending. Since then, IHF has been shown to work in other contexts, for example, helping bring together distantly bound regulators and the genes they control. Other architectural proteins have been identified that help gene activation in eukaryotes -for example, the HMG proteins that bind and bend the enhancer of the human interferon-β gene.
Genetic engineering by natural processes quickly enhanced the molecular, biochemical and genetic analysis of E. coli. By 1968, the second edition of Bill Hayes' classic textbook already diagrammed the exchange of mutations between a bacterial gene in a λ transducing phage and the bacterial chromosome. Two cross-overs are required, one on either side of the genetic difference. Using a transducing phage encoding a temperature-sensitive repressor, selection of the first of the two cross-overs is achieved by isolating lysogenic cells -these are selected at low temperature when the functional repressor makes the lysogen immune to super-infection. Selection for a second cross-over depends on the subsequent survival of cured cells at high temperatures, which only cured cells can do. Some of the cured cells will have been generated by a cross-over on the appropriate side of the genetic difference.
The use of λ vectors to clone DNA fragments generated in vitro was reported in 1974. Cloned genes could be manipulated and returned to the bacterial chromosome. Almost as soon as yeast was made competent in the uptake of DNA, the Campbell model influenced the design of a system to transfer genes from a yeast replicon to the yeast chromosome. The transfer of manipulated genes by homologous or site-specific recombination has become fundamental to the analysis of many microbial and eukaryotic organisms.
Studies of λ morphogenesis led to the means of in vitro packaging of λ  genomes. Initially this was applied to recombinant λ molecules, but subsequently to cosmids and phage P1. In vitro packaging had a major impact on recombinant DNA technology by enhancing the efficiency of construction of both genomic and cDNA libraries.
Recombineering
From our knowledge of phage recombination systems, new technologies (recombineering) have emerged for making novel combinations of DNA in E. coli by recombination, rather than in vitro by restriction enzymes and DNA ligase. These reactions rely on the λ gene product Gam to inhibit the exonuclease activity of RecBCD. In the presence of Gam the linear DNA generated by PCR can serve to donate a DNA segment to a replicon in E. coli -transfer by the phage recombination system (Redα and Redβ) requires only short regions of homology (<50 base pairs). This permits the construction of sophisticated gene fusions (e.g. the insertion of markers, regulatory elements, or sequences to aid in the purification of the protein product), while mutations can be made in a cloned gene using Redβ to promote assimilation of an oligonucleotide within a replication fork. The in vivo manipulation of DNA in E. coli emulates the methods used in yeast, but it offers the important advantage of enhanced yields of DNA. Changes made to mouse DNA cloned in a BAC vector in E. coli become available for transfer to the mouse genome. The use of phage and viral recombination systems has recently been extended to other bacteria and some eukaryotes.
Box 2
Illegitimate recombination, horizontal gene transfer and evolution.
Comparisons of the λ genome with those of other λ-like phages were reported in 1971 following the examination of DNA heteroduplexes by electron microscopy. These analyses revealed that the genomes of related phages were 'mosaic': that is, the genomes were modular, consistent with alternative modules being reshuffled during evolution. It was proposed that genetic exchange of modules occurred within short linker regions. The current availability of genome sequences has enhanced our appreciation of mosaic viral chromosomes. Extensive, and broadly based, comparative analyses of genome sequences support the importance of horizontal exchange of segments of DNA as a key feature of viral and microbial evolution. Currently, the role of illegitimate recombination is emphasized. As shown by the creation of λgal phages, illegitimate recombination generates novel combinations of genes. Although the majority of hybrid phage generated in this way are unlikely to survive, some will, and their genomes will be refined by homologous recombination and deletions.
Current evidence of divergence times derived from DNA sequence comparisons also suggests that bacteriophages may have ancestral connections with the viruses of eukaryotes and archaea. Illegitimate recombination, transduction and transposition are all likely to contribute to horizontal gene transfer.
